Olfactory receptor neurons (ORNs) of crustaceans are housed in aesthetasc sensilla that are located on the lateral flagellum of the antennule. We used young adult spiny lobsters to examine turnover of aesthetascs and functional maturation of their ORNs after molting. The proliferation zone for new aesthetascs is located in the proximal part of the aesthetasc-bearing region and progressively moves along a distoproximal axis. Older aesthetascs are lost in the distal part of the aesthetasc-bearing region. As a result, an aesthetasc may be shed three to six molts after it differentiates. Taurine-like immunoreactivity is elevated in ORNs of aesthetascs that have yet to emerge on the cuticular surface and thereafter decreases gradually and asynchronously. ORNs from the distalmost-developing aesthetascs lose taurine-like immunoreactivity immediately before sensillar emergence, whereas ORNs from the most proximal and lateral new aesthetascs retain taurine-like immunoreactivity throughout the intermolt stage after sensillar emergence. Furthermore, taurine-like immunoreactivity is inversely correlated with odor responsiveness. These results suggest that taurine-like immunoreactivity reveals immature ORNs and that their functional maturation is not synchronized with molting and may not be completed until many weeks after sensillar emergence. Our data suggest successive spatiotemporal waves of birth, differentiation and functional maturation, and death of ORNs.
Turnover of olfactory receptor neurons (ORNs) in adult animals is a remarkable phenomenon that distinguishes the olfactory system from many other sensory and neuronal tissues (Farbman, 1992) . In vertebrates, there is a highly dynamic regulation of cellular turnover, including birth, functional maturation, and death (Mackay-Sim and Kittel, 1991a; Calof et al., 1996 Calof et al., , 1998 . Turnover also occurs in the olfactory systems of invertebrates, including snails (Chase and Rieling, 1986) and arthropods [crayfish (Sandeman and Sandeman, 1996) ; holometabolous insects during metamorphosis (Hildebrand, 1982; Riesgo-Escovar et al., 1992; Truman et al., 1993) ].
Turnover of the arthropod olfactory system differs from that of vertebrates and gastropods because arthropods have compartmentalized peripheral olfactory systems, in which ORNs are packed into specialized cuticular structures called sensilla. Typically, turnover of ORNs occurs by the addition and loss of sensilla, because addition and loss of ORNs to existing sensilla have not been demonstrated in any arthropods (Keil, 1992) . Turnover is particularly dramatic for arthropods that experience a metamorphosis, such as holometabolous insects and crustaceans. Addition of sensilla and their ORNs is common in arthropods that grow without undergoing drastic morphological changes, i.e., hemimetabolous insects (Chapman and Greenwood, 1986; Jander and Jander, 1994; Brézot et al., 1997) , ticks (Hess and Vlimant, 1986) , and postmetamorphic crustaceans (Spencer and Linberg, 1986; Mellon and Alones, 1993; Sandeman and Sandeman, 1996) . Such increases in the number of sensilla are usually related to enlargement of the animal's body (Jander and Jander, 1994; Brézot et al., 1997) . During nonmetamorphic growth in arthropods, turnover involving addition and loss of sensilla has been described on the cockroach antenna (Schafer and Sanchez, 1973) and on the lateral flagellum of the antennule of the crayfish Cherax destructor (Sandeman and Sandeman, 1996) . Sandeman and Sandeman (1996) found that with each molt, new olfactory sensilla, called aesthetascs, were added to annuli at the proximal end of the aesthetasc region of the flagellum and the distalmost annuli bearing aesthetascs were sloughed or broken off. They did not determine when the ORNs of the new aesthetascs became functionally mature.
The aim of our study is to examine the turnover of aesthetascs and the maturation of their ORNs during molting in the spiny lobster Panulirus argus. Spiny lobsters live for decades, have indeterminate growth (Hartnoll, 1982) , and can possess Ͼ1000 aesthetascs on the lateral flagellum. Each aesthetasc contains several hundred ORNs that include representatives of most ORN types, thus making the aesthetasc the functional unit in this olfactory organ (Steullet et al., 2000) . Because environmental conditions and a lobster's needs can vary dramatically over its life span, this is a good model for studying the dynamics of turnover. Our results show that turnover of the aesthetascs and their ORNs occurs across much of the lateral flagellum at each molt. Addition and loss of aesthetascs take place in the proximal and the distal part of the lateral flagellum, respectively. Maturation of the new ORNs is slow, starting distally and spreading proximally and thus creating a spatiotemporal gradient of age and functional maturity of ORNs.
MATERIALS AND METHODS
Animals. C aribbean spiny lobsters (P. argus) were collected in the Florida Keys, shipped by air to Georgia State University, held in 800 l aquaria (20 -25°C) containing recirculating, filtered, and aerated Instant Ocean (Aquarium Systems, Mentor, OH), and fed shrimp and squid. Preadult and young adult animals of 60 -80 mm carapace length were used for this study.
The molt staging of spiny lobsters was performed according to the technique of Lyle and MacDonald (1983) , which allows discrimination of the following stages: postmolt (stages A and B), intermolt (stage C), and premolt (stages D 0 -D 4 ). According to Travis (1954) , the duration of an entire molt cycle in P. argus of the size used in our study ranges from ϳ2 to 8 months, depending on the time of year and water temperature.
Localization and quantification of addition and loss of annuli and aesthetascs. To identif y changes in the number of annuli and in the distribution and abundance of sensilla after molting, we used a method similar to that developed by Sandeman and Sandeman (1996) . Premolt lobsters were held individually in 80 l aquaria until they molted, and then the lateral flagella from the shed cuticular exoskeleton (exuvium) and from the postmolt lobster were collected and fixed (see Solutions and chemicals) . The exuvium conserves all external morphological structures of the premolt animal, including the setae. The numbers of aesthetascs and accompanying setae (see Fig. 1 ) on each annulus of the exuvia (premolt flagella) and their corresponding postmolt flagella were counted using a Z eiss Axioskop microscope (Jena, Germany) after having previously cut aesthetascs and guard hairs close to their bases with fine surgical scissors. This surgical procedure was necessary to improve visualization of each aesthetasc because the aesthetascs are densely packed in rows and surrounded by long guard hairs. Before aesthetascs on the postmolt flagella were cut, the average length of the aesthetascs on each annulus was measured. Some of the postmolt flagella were f urther processed for immunocytochemistry as described below.
Odor-dependent activit y labeling. To investigate the f unctional maturation of ORNs of newly emerged aesthetascs, we used an odor-dependent activity-labeling technique that relies on the permeation of 1-amino-4-guanidinobutane (agmatine) through cation channels after odor stimulation (Marc, 1999a,b; Michel et al., 1999) . This technique underestimates the total number of odor-activated ORNs, because it labels ORNs that have agmatine-permeable channels and that are highly excited (Michel et al., 1999) . This technique thus allows labeling of ORNs that are best-tuned to and excited by the test odor but not those that are inhibited by the test odor (Steullet et al., 2000) . Nonetheless, this is an effective technique for examining relative differences in odor sensitivity, such as that of ORNs of different developmental ages or in different antennular regions. Details about the agmatine odor-dependent activitylabeling technique are given elsewhere (Michel et al., 1999; Steullet et al., 2000) . In brief, a lateral flagellum from either intermolt (stage C) or early premolt (stage D 0 ) lobsters was excised and secured in a stimulation chamber (Derby, 1995) such that the distal part of the flagellum bearing the aesthetascs rested in an olfactometer with a flow of modified artificial seawater (ASW; see Solutions and chemicals). The cut proximal part of the flagellum was placed in a separate bath containing lobster saline (see Solutions and chemicals) and was dissected to expose the antennular artery, which was cannulated and perf used with oxygenated lobster saline. Odor stimuli were injected for 5 sec every minute for 60 min into the modified ASW flowing over the flagellum using an electronically driven valve. Stimuli included 20 mM agmatine only (control) or 20 mM agmatine together with an odor (odors listed in Solutions and chemicals). After odor stimulation was completed, the modified ASW was superf used for another 5 min to remove any possible free agmatine before perf using the antennular artery with fixative (see Solutions and chemicals). The flagellum was then removed from the chamber, cut into six equal parts, and f urther fixed for at least 2 d at room temperature. Pieces from the distal, medial, and proximal parts of the flagellum were sectioned and processed for immunocytochemistry as described below.
Immunoc ytochemistr y. The goals of immunocytochemistry were the following: (1) to use an anti-taurine IgG antibody as a marker of the developmental stage of ORNs and to quantif y taurine-like immunoreactivity (IR) in ORNs from aesthetascs of different regions of the flagellum throughout the molt cycle and (2) to label odor-activated ORNs using an anti-agmatine IgG antibody after exposure of flagella to odors and agmatine, a channel-permeant cation (see Odor-dependent activity labeling).
Flagella were taken at various stages of the molt cycle [from less than a day after a molt (stages A and B) to a day before the next molt (approximately stage D 4 )], cut in small parts, and fixed (see Solutions and chemicals) for at least 2 d at room temperature. Pieces of fixed flagella were washed with 0.2 M PBS at pH 7.4, dehydrated via a graded series of ethanol and absolute acetone, and infiltrated and embedded with Pelco Eponate 12 resin (Ted Pella, Redding, CA). Transverse and occasionally horizontal sections (0.5 m thick) from distal to proximal parts of the aesthetasc-bearing region and from annuli located just proximally to the aesthetasc region were taken using an ultramicrotome and diamond knife. Sets of a few 0.5-m-thick serial sections were taken at increments of 10 m. This procedure gave an adequate sampling of each cluster of ORN cell bodies associated with a single aesthetasc, because the average diameter of the ORN cell bodies is ϳ10 m (Steullet et al., 2000) . Therefore, each set of serial sections represents different ORN cell bodies. Sections were placed in wells of Teflon-coated spot slides, deplasticized, rinsed in absolute methanol and distilled water, dried, incubated for 24 hr with a primary antibody [either polyclonal anti-taurine IgG antibody (Signature Immunologics, Salt Lake C ity, UT) or polyclonal anti-agmatine IgG antibody (Chemicon, Temecula, CA)], followed for 1 hr with a secondary antibody, a nanogold-conjugated goat antirabbit antibody (Amersham, Arlington Heights, IL), and revealed by silver intensification [for details, see Steullet et al. (2000) ]. When the same tissue was tested for immunoreactivity to both anti-taurine and anti-agmatine antibodies, serial sections were alternatively incubated with one of these antibodies. The anti-taurine IgG antibody does not cross-react with L-alanine, L-and D-aspartate, L-arginine, agmatine,
GABA, L-glutamate, glycine, reduced glutathione, L-glutamine, L-methionine, L-serine, and L-threonine but does with hypotaurine (R. E. Marc, personal communication) . Therefore, taurine-like IR in developing ORNs might reveal the presence of taurine or hypotaurine. However, it probably indicates the presence of taurine, because taurine is typically found in much higher concentrations than is hypotaurine in the nervous system of many species (Perry and Hansen, 1973; Huxtable, 1992) .
Quantification of agmatine-and taurine-lik e immunoreactivit y. Images of the sections were captured using a Z eiss Axioskop microscope with a bright-field video camera attached to a video board in a personal computer and analyzed using ScionImagePC software (Scion Corporation, Frederick, MD). We quantified agmatine-and taurine-like IR in aesthetasc ORN cell bodies. C ell bodies of all ORNs associated with a single aesthetasc form a cell cluster in the lumen of the flagellum. Aesthetascs were classified into four categories based on their percentage of ORNs with taurine-like IR; the categories were ϳ0, Ͻ50, Ն50, and ϳ100%. For odor-and agmatine-exposed flagella, the number of agmatine-labeled ORNs (i.e., odor-responsive ORNs) associated with each aesthetasc was quantified as described in Steullet et al. (2000) .
Scanning electron microscopy. Flagella were removed from the animal, cut in small pieces, fixed, washed with 0.2 M PBS, pH 7.4, and dehydrated via a graded series of ethanol and absolute acetone followed by immersion in dimethoxypropane. Pieces of the flagella were mounted onto a stub, vacuum dried, sputter coated with gold-palladium (Desk II sputter coater; Denton Vacuum, Moorestown, NJ), and examined using a Leica S420 scanning electron microscope (C ambridge, UK).
Solutions and chemicals. Odor stimuli were the single chemicals AM P, ammonium chloride (N H 4 ), L-cysteine, glycine, and L-proline and an artificial oyster mixture, which contains 33 compounds and mimics the composition of oyster extract (C arr and Derby, 1986) . These odors were selected because they are present in the food of spiny lobsters and are effective stimuli (C arr, 1988; Derby, 2000; Steullet et al., 2000) . All compounds used as odor stimuli and agmatine were 99% pure and were purchased from Sigma (St. L ouis, MO), except homarine (a component of the artificial oyster mixture), which was obtained from Chemicals Procurement Laboratories (College Point, N Y).
For odor-dependent activity labeling, artificial lobster saline was composed of (in mM): 458 NaC l, 13.4 KC l, 13.6 C aC l 2 , 9.8 MgC l 2 , 14.1 Na 2 SO 4 , 3 H EPES, 1.9 glucose, and 1.2 NaOH, with pH adjusted to 7.4. A modified ASW had a low concentration of Na ϩ and C a 2ϩ (10% normal Na ϩ and C a 2ϩ ) to reduce competition between agmatine and both Na ϩ and C a 2ϩ for entry in the ORNs through cation channels (Michel et al., 1999) . The composition of this modified ASW was (in mM): 42 NaC l, 412 N-methyl-D-glucamine⅐HCl, 9 KCl, 1 CaCl 2 , 23 MgC l 2 , 26 MgSO 4 , and 2 NaHC O 3 , pH 7.2.
The fixative used throughout our study was 2.5% glutaraldehyde, 1% paraformaldehyde, and 10% sucrose in 0.2 M PBS at pH 7.4.
RESULTS

Organization and distribution of aesthetascs and their set of accompanying sensilla
The lateral flagellum of the antennule, which is composed of segments called annuli, has a very stereotyped organization and distribution of sensilla (Fig. 1 ). Aesthetascs and their accompanying sensilla are restricted to the ventral side of annuli in the distal half of the lateral flagellum. On the 60-to 80-mm-carapacelength lobsters that we examined, an average of ϳ50% of the annuli (80 of 158) had aesthetascs, and the total number of aesthetascs per flagellum averaged 1330.
In general, each annulus in the aesthetasc-bearing region of the flagellum possesses a similar complement of setae and sensilla. Most of these setal types have been identified and named previously (Laverack, 1964; Gleeson et al., 1993) . Each annulus has the following setae: two rows of aesthetascs (Fig. 1C, a) ; a pair of guard hairs that border the aesthetasc rows on the mesial (mg) and lateral (lg) margins, respectively (Fig. 1C) ; up to two companion hairs near the base of the mesial guard hair (Fig. 1 B , mesial companion hair, or mc); one companion hair near the base of the lateral guard hair (Fig. 1 D, lateral companion hair, or lc) ; and one asymmetric hair (Fig. 1C, as) whose base inserts just lateral to the aesthetasc rows and whose shaft extends mesially between the two rows of aesthetascs of an annulus. Occasionally, a previously undescribed simple seta (Lavalli and Factor, 1995) , which we name the "long lateral seta" (Fig. 1 D, ls) , is present on the lateral side of an aesthetasc-bearing annulus. On such annuli, the asymmetric hair is absent, and the lateral companion hair is usually replaced by a previously undescribed "plumose seta" [ Fig.  1 D,E, ps; using the terminology of Watling (1989) and Lavalli and Factor (1995) ]. In addition to the setae described above, other types of setae are present on the lateral and dorsal surfaces of the antennular annuli. However, a description of the distribution and organization of these setae is beyond the scope of the present paper.
Changes in antennular morphology and composition of sensilla after a molt
To follow changes in the number of antennular annuli and in setal distribution that occur at molting, we used a method similar to that of Sandeman and Sandeman (1996) to compare a freshly molted flagellum with its corresponding exuvium (i.e., premolt flagellum). This comparison was possible because of the unique and specific distribution of mesial companion hairs ( Fig. 1 B, mc) and long lateral setae (Fig. 1 D, ls) , which is generally retained after molting. This allowed us to align a given exuvium with its corresponding postmolt flagellum and to identify changes that occurred at molting on any particular annulus. As illustrated in Figure 2 , the pattern of mesial companion hairs was very similar along the aesthetasc-bearing region of the exuvium and its corresponding region on the freshly molted flagellum. After a molt, only a few mesial companion hairs were added in the proximal region (Fig. 2 , black boxes in column mc), and a few were lost on the most distal annuli (Fig. 2 , gray boxes in column mc). Similarly, the pattern of long lateral setae could be matched along the aesthetasc-bearing region (Fig. 2, column ls) . Importantly, the presence of long lateral setae on only a few annuli along the entire length of the flagellum allowed us to identify and quantify any net changes in the number of annuli between consecutive setae after a molt. For instance in Figure 2 , it was apparent that annuli were added proximally but not distally to the aesthetasc-bearing region of the premolt flagellum. Changes in the number of annuli, aesthetascs, and other sensilla associated with the aesthetascbearing region of the flagellum that occur at a molt are described below.
Addition and loss of annuli
After molting, animals in our study had a 5.5 mm average increase in carapace length and an average addition of 10 annuli to their lateral flagellum. This represents an 8% increase in carapace length and a 7% increase in the number of annuli. Figure 3 shows the average net change in the number of annuli that occurred along different regions of the flagellum after molting. At the distal tip of the flagellum, there was usually a small net loss of annuli (Fig. 3) . The flagellum illustrated in Figure 2 , for example, lost two annuli at its distal tip after molting. However in one of the seven flagella examined, a net addition of two small annuli without aesthetascs was observed at the tip of the flagellum. The distal part of the aesthetasc-bearing region of this flagellum had been broken before the molt, which suggests that the net addition of Figure 2 . Example of the distribution of sensilla in the aesthetasc region on the premolt flagellum (exuvium; left) and its corresponding postmolt flagellum (right). Most of the proximal nonaesthetasc region is not shown. Each row corresponds to an annulus of the flagellum. Premolt and postmolt flagella are aligned so that patterns of distribution of the mesial companion hairs (column mc) and long lateral setae (column ls) are matching. Note the good matching of the pattern of the mesial companion hairs (column mc) in both premolt and postmolt flagella, with a few exceptions indicated in the postmolt flagellum as gray boxes for loss of sensilla and black boxes for gain of sensilla. Note that the distribution of 4 the long lateral setae (column ls) is identical in the aesthetasc region of the premolt flagellum and its corresponding region on the postmolt flagellum, with the exception of the three most distal long lateral setae and associated plumose setae that disappeared after the molt (indicated as gray boxes). Note that proximal to the aesthetasc region of the premolt flagella, the position of the long lateral setae does not match with the position of the long lateral setae on the postmolt flagellum. This is caused by the addition of annuli between two consecutive setae. * indicates that the lateral companion hair was replaced by a plumose seta ( Fig. 1 D, E, ps) . a, Aesthetascs; as, asymmetric hairs; lc, lateral companion hairs; lg, lateral guard hairs; mg, mesial guard hairs. For the nonaesthetasc-bearing region, the net change is based on the change in the number of annuli between the most distal long lateral setae along this region and the flagellar base. To quantify and compare changes in annuli after the molt on many different flagella of variable lengths, we standardized the length of each postmolt flagellum by using as fixed reference points the tip of the flagellum ( point 100) and the most proximal annuli with 1-molt-cycle-old aesthetascs ( point 0). Negative numbers along the standardized flagella indicate regions with annuli that did not bear aesthetascs before the last molt. To illustrate these regions and their standardized positions, drawings (top) of an exuvium (i.e., premolt flagellum) and its corresponding postmolt flagellum are shown such that an annulus on the exuvium is aligned with its corresponding annulus on the postmolt flagellum. Breaks in the drawings of the premolt and postmolt flagella and on the x-axis indicate that not all of the proximal nonaesthetasc-bearing annuli are shown in this figure. distal annuli reflects regeneration, a process known to occur in the antennules and other appendages of these animals (Skinner, 1985) . There was no net addition or loss of annuli in the aesthetascs-bearing region of the premolt flagellum (Fig. 3 , region of "Old" aesthetascs). By contrast, the net addition of annuli occurred in the part of the flagellum that acquired new rows of aesthetascs (Fig. 3 , region of All new aesthetascs) and in the proximal region where no rows of aesthetascs emerged at the molt (Fig. 3 , region of No aesthetascs). This clearly indicates that division or addition of annuli takes place proximal to the aesthetasc-bearing region but not within the aesthetasc-bearing region. In the nonaesthetasc region of the flagellum, the annuli were more variable in length and on average longer than those in the aesthetasc-bearing region (see Fig. 3 , schematic drawings of flagella). From this observation, we infer that there was addition of annuli proximal to the aesthetasc-bearing region and that annuli acquiring new aesthetascs underwent division, thereby being reduced in length. In the seven flagella examined, an average of 70% of the annuli that acquired new aesthetascs resulted from annular division. On the other hand, an average of only 22% of the annuli in the nonaesthetasc part of the flagellum (i.e., annuli that did not acquire aesthetascs after a molt) resulted from annular division or addition.
Addition and loss of aesthetascs
Aesthetascs were added proximally and lost distally from the aesthetasc-bearing region, and there was no change in the medial region. The pattern of net addition and loss that occurred at molting is illustrated in Figure 4 . On average, 14 annuli acquired new rows of aesthetascs. These annuli were located immediately proximal to the aesthetasc-bearing region of the premolt flagellum (Fig. 4, region 0 to Ϫ20 ). There was a gradual decrease in both the number of aesthetascs per row and the length of aesthetascs within a row, from the most distal to the most proximal of these 14 annuli (Fig. 4) . For example, the most distal annulus of this group (Fig. 4 , region just Ͻ0) added two rows of approximately eight aesthetascs, whereas the most proximal ones (e.g., Fig. 4 , region just more than Ϫ20) added rows with only a few short aesthetascs (Fig. 4) . The most proximal annulus of this group acquired only a single row of two to three very short aesthetascs (see example in Fig. 2) . The 14 most proximal aesthetasc-bearing annuli of the premolt flagellum (Fig. 4, region 0 -20) had incomplete aesthetasc rows that had emerged at the previous molt. After molting, new aesthetascs were added to these rows such that the number of aesthetascs per row reached an average of 10. For example, the most distal annuli of this group (e.g., Fig. 4 , region just Ͻ20) acquired only approximately one new aesthetasc on existing rows, whereas the most proximal ones (e.g., Fig. 4 , region just Ͼ0) added an average of five new aesthetascs per row. We infer from these results that incomplete aesthetasc rows are added to annuli that had no aesthetascs previously and that these annuli will receive their full complement of aesthetascs (i.e., 10) after the following molt. In the medial part of the aesthetasc-bearing region (Fig. 4 , region ϳ20 -50), there was no net change in the number of aesthetascs per row after molting. Each annulus of this part of the flagellum possessed two rows of ϳ10 aesthetascs of similar length (Fig. 4) . The number of aesthetascs per annulus decreased in the more distal part of the aesthetasc-bearing region (Fig. 4, region ϳ50 -85) . Thus in the most distal aesthetascbearing annuli (Fig. 4, region 80 -85) , rows housed an average of only three to five aesthetascs. This was caused by a gradual loss of aesthetascs after molting, this loss being greatest in the more distal annuli. Finally, on average, the 10 most distal aesthetascbearing annuli (Fig. 4 , region ϳ85-100) lost their entire set of aesthetascs after molting.
Overall, there was an average net addition of three aesthetascbearing annuli after molting. This corresponded to a 4% increase in the number of annuli bearing aesthetascs. There was a median 1.4% increase in the total number of aesthetascs; this number increased in seven flagella (ϩ6 to ϩ125 aesthetascs) but decreased in three (Ϫ9 to Ϫ301 aesthetascs). Interestingly, the most dramatic loss of aesthetascs occurred in the two longest premolt flagella, and this was caused by a massive loss of aesthetascs along most of the distal half of the aesthetasc-bearing region. However in one flagellum (not included in the analysis) that was broken off at the medial part of the aesthetasc-bearing region, the total number of aesthetascs dramatically increased at a molt (ϩ344 aesthetascs), suggesting an upregulation of the number of aesthetascs caused by damage.
Addition and loss of other sensilla in the aesthetasc region
Other sensilla, including guard, companion, and asymmetric hairs, followed closely the same pattern of turnover as did aesthetascs. Addition of these sensilla generally occurred on the same annuli that acquired new rows of aesthetascs. However, new guard hairs were often present on one to two annuli proximal to the most proximal row of aesthetascs (Fig. 1 F) . By contrast, companion hairs were typically absent on the most proximal annuli containing new rows of aesthetascs (Fig. 2) . Addition of a few mesial companion hairs also occurred occasionally along the proximal part of the aesthetasc region where aesthetascs were added to existing rows (Fig. 2) . In the distal end of the flagellum, guard, companion, and asymmetric hairs seemed to remain present almost up to the most distal annuli but decreased in size on annuli that lost all aesthetascs (Fig. 1 A) . Finally in a few cases, the most distal long lateral setae also disappeared after molting together with the plumose setae associated with them (Fig. 2) .
Turnover and life span of aesthetasc-bearing annuli and aesthetascs
Turnover of aesthetascs occurs in a linear and orderly manner, and it is possible to distinguish seven zones on the basis of molt-related changes in the turnover of annuli and aesthetascs. These zones are depicted in Figure 5 . Starting at the proximal base of the flagellum, zone I includes annuli that do not have and will not acquire aesthetascs after the next molt. In zone I, there is addition of annuli. Zone II includes annuli that do not bear aesthetascs but will acquire "incomplete" rows of aesthetascs after the next molt. In zone II, there is also addition of annuli. Zone III includes annuli with incomplete rows of aesthetascs. After molting, aesthetascs are added to these annuli such that they eventually will house complete rows (i.e., 10 aesthetascs per row). Zone IV includes annuli that have complete rows of aesthetascs. On these annuli, there is no net change in the number of aesthetascs after molting. Zone V includes annuli that have a full or less full complement of aesthetascs, but all will lose some aesthetascs at the next molt. After molting, therefore, the number of aesthetascs per row on these annuli will be reduced. Zone VI includes annuli that contain a reduced number of aesthetascs and will lose all of their remaining aesthetascs at the next molt. Zone VII includes the distal annuli that do not bear aesthetascs and that are dramatically smaller. Immediately after a molt, zone VII is quite long, but many of these annuli will be shed, presumably by damage, before the next molt. Finally, most of the remaining annuli of zone VII will be lost at the following molt.
As a result of the continual addition of new rows of aesthetascs on proximal annuli and the shedding of distal annuli, the relative position of each aesthetasc-bearing annulus shifts further distally along the flagellum at each molt. On the basis of an extrapolation from data on changes after a single molt, an annulus will shift from zone III (where new rows of aesthetasc emerge at the cuticular surface) to zone VI (where rows of old aesthetascs are shed) in approximately six molt cycles (Fig. 5) . The life span of any particular aesthetasc, however, might be shorter because an annulus acquires aesthetascs during two molt cycles and gradually loses its aesthetascs through approximately three molts (Fig. 5) .
Development of aesthetascs and their ORNs under the cuticle
The emergence of new aesthetascs after a molt was preceded by their development under the cuticle before molting. Transverse and horizontal sections of the lateral flagellum allowed the identification of the cell body clusters of ORNs and supporting cells associated with emerged aesthetascs (Fig. 6 A) and the cell clusters associated with developing aesthetascs yet to emerge at the next molt (Fig. 6 B,C) . As described by Grünert and Ache (1988) , each emerged aesthetasc was innervated by the outer dendrites of a few hundred ORNs, whose cell bodies were grouped in a cluster beneath the sensillum. Supporting cells enveloped the ORN inner dendrites that connect the ORN cell bodies to the outer dendrites in the sensillar shaft. Sections through zones II and III of flagella at different molt stages revealed where and approximately when developing aesthetascs yet to emerge at the next molt formed. The development of new aesthetascs was first indicated by the presence of clusters of cells protruding from the epidermis. Developing ORNs in these clusters initiated dendritic and axonal outgrowth. During the premolt stage, the cuticle formed around the dendrites of the developing ORNs to make the sensillum that emerged after the shedding of the old cuticle at molt. In zone II, where new rows of aesthetascs developed, only the most distal annuli contained developing clusters at postmolt and early intermolt stages; developing clusters appeared progressively in more proximal annuli during the intermolt and presumably part of the premolt stage. In zone III, developing clusters formed on the lateral side of clusters associated with existing aesthetascs (Fig.  6 B,C) ; they were rarely observed in postmolt flagella (an average of 0.3 per annulus) but were frequent in intermolt flagella (an average of 2.8 per annulus; see Fig. 6 B,C) . Although the vast majority of the developing aesthetascs emerged at the next molt, 
Taurine-like immunoreactivity in ORNs
Taurine-like IR occurred in the cytoplasm of some ORNs, but its incidence depended on the age and maturity of the ORNs. In aesthetascs that were Ͼ1 molt cycle old (in zones IV-VI), ORNs typically showed no cytoplasmic taurine-like IR during the entire molt cycle (see Figs. 6 A, 8A) . Only a few ORNs in some clusters of some flagella contained a detectable level of taurine-like IR in these regions. This contrasted with the generally high level of taurine-like IR in the inner dendrites, cell bodies, and axons of ORNs from the developing aesthetascs in zones II and III and from most of the newly emerged aesthetascs in zone III. In zones II and III, taurine-like IR was particularly elevated in developing ORNs associated with clusters that appeared during the postmolt and intermolt stages; taurine-like IR was so high that the boundaries of individual cells were not visible (Fig. 6 B,C) . By the end of the intermolt stage and throughout the premolt stage, the levels of taurine-like IR gradually decreased (Fig. 7) , eventually to reach undetectable levels by the end of the premolt stage in many (Fig. 6 B, C, cld) . By the end of the premolt stage (1-3 d before molting; stage D 3 -D 4 ), most of the ORNs from the most distal developing aesthetascs (in zone III ) that are ready to emerge did not have taurine-like IR, whereas ORNs from more proximal developing aesthetascs (in zone II ) still showed taurine-like IR (data not shown). Scale bar, 100 m.
ORNs associated with the most distal differentiating aesthetascs (in zone III), but remained elevated in ORNs of more proximal developing aesthetascs (in zone II).
After molting, the decrease in taurine-like IR continued in ORNs of the new rows of emerged aesthetascs (Fig. 8) and gradually propagated from the most mesiodistal to the most lateroproximal new aesthetascs throughout the postmolt and intermolt stages (Fig. 9) . Thus the decrease in taurine-like IR occurred sooner in the most distal rows of new aesthetascs than in the most proximal rows ( Fig. 9 ; see also Figs. 6 B vs C, 8B vs C) and sooner in the mesial side of a row than in the lateral side ( Fig.  9 ; see also Fig. 8 B) . During the postmolt stage, many ORNs from the most distal annuli with new rows of emerged aesthetascs completely lost their taurine-like IR ( Fig. 9 ; see also Fig. 8 B) . On the other hand, ORNs from aesthetascs located on the most proximal annuli and particularly from those on the lateral side of a row retained high levels of taurine-like IR throughout the postmolt stage and most of the intermolt stage (Figs. 6C, 8C, 9) . The decrease in taurine-like IR was asynchronous among ORNs of a single aesthetasc, as shown by the heterogeneity in taurinelike IR in ORNs (Figs. 6 B,C, 7, 8B ). Finally, complete loss of taurine-like IR was achieved in most ORNs of most new aesthetascs, including the most proximal ones, sometime during the end of the intermolt stage and the next premolt stage (Fig. 7A) .
In summary, the decrease in taurine-like IR was not synchronous among all ORNs of new aesthetascs and was not dependent on the emergence of the sensilla at the cuticular surface. The decrease in taurine-like IR propagated gradually and continually from the most distal new aesthetascs to the most proximal and lateral ones (Fig. 10) . Before molting, the absence of taurine-like IR was already observed in ORNs of the most distal developing aesthetascs in zone II, whereas taurine-like IR in ORNs of the most proximal and lateral new aesthetascs only disappeared weeks to months after the sensillar emergence at the cuticular surface.
Functional maturation of new ORNs
To examine when ORNs become functionally mature, we used an odor activity-labeling technique to compare the frequency of odor-activated ORNs in different antennular zones and thus different developmental ages. We used a technique that is based on the entry of agmatine through cation channels after odor activation. As described in Materials and Methods, this technique is an effective measure of the relative differences in the number of ORNs of different developmental ages that are excited by and best-tuned to the odorant stimulus. The results show that during intermolt and early premolt stages (C and beginning of D 0 , respectively), the percentage of odor activity-labeled ORNs in old aesthetascs (Ͼ1 molt cycle old; zones IV and V) was higher than that in new aesthetascs that just emerged in zone III (Fig.  11) . This was true for all flagella stimulated by any one of five single odorants (AMP, cysteine, glycine, NH 4 , or proline), a complex odor mixture (oyster mixture), or even agmatine alone (control), which is a weak odor stimulant by itself (Michel et al., 1999) . Figure 11 shows that the percentage of ORNs activated by either the single odorants (data pooled), the oyster mixture, or agmatine alone was significantly greater in the old than in the new aesthetascs.
In new aesthetascs, there was a statistically significant inverse correlation between the extent of taurine-like IR and the percentage of odor-responsive ORNs stimulated with single odorants (Fig. 11) . A trend toward an inverse correlation between the level of taurine-like IR and the level of odor-dependent activity labeling in new aesthetascs stimulated with either the oyster mixture or agmatine alone was also observed, but the trend was nonsignificant because of the small sample size. Figure 11 shows that aesthetascs having many ORNs with taurine-like IR possessed fewer odor-activated ORNs than did aesthetascs containing no or only a few ORNs with taurine-like IR. On the basis of analysis of 408 odor-activated ORNs in new aesthetascs from 13 flagella, 396 or 97% of the odor-activated ORNs did not show taurine-like IR, whereas only 12 or 3% of the odor-activated ORNs showed taurine-like IR. 18) of the odor-activated ORNs had taurine-like IR. Moreover, when new aesthetascs had no ORNs with taurine-like IR, the percentage of odor-responsive ORNs still remained significantly lower than that in old aesthetascs (Fig. 11) .
DISCUSSION Extensive turnover of aesthetascs and their ORNs
This study demonstrates that there exists significant turnover of aesthetascs and their ORNs on the lateral flagellum of the antennules of young adult spiny lobsters. This turnover includes neurogenesis, functional maturation, and death. In the spiny lobsters examined in our study, complete turnover of the aesthetascbearing annuli is achieved at least after approximately six molt cycles. This turnover might be, however, faster because damage of the distal part of the aesthetasc-bearing region is quite common. Because on a given annulus addition of aesthetascs occurs over two molt cycles and gradual loss of aesthetascs spreads over at least three molt cycles, the life span of a particular aesthetasc and its ORNs might be as short as three molt cycles, or 6 -12 months according to Travis (1954) . Interestingly, the life span of mature ORNs in rodents is quite comparable with that in lobsters, generally varying from approximately a month to at least a year (Hinds et al., 1984; Mackay-Sim and Kittel, 1991b) . The extent of turnover described here is based on net changes in the number of aesthetascs per annulus and therefore might be an underestimation of the true turnover if replacement of aesthetascs occurs within existing rows of aesthetascs, or if turnover of ORNs takes place within existing sensilla. The occasional presence of ORNs with taurine-like IR in aesthetascs that are Ͼ1 molt cycle old (zones IV-VI) suggests the existence of such turnover. To investigate the full extent of turnover of ORNs, our laboratory is currently using bromodeoxyuridine and TUNEL techniques to identify more directly the birth and death of ORNs along the flagellum (P. J. H. Harrison and H. S. Cate, unpublished data) . However, it is likely that the general pattern of turnover that we describe here is typical.
A spatiotemporal gradient to turnover
The turnover in the spiny lobster's olfactory organ is variable in time and space. Turnover is closely related to the timing of the animal's molt cycle, in that sensilla disappear and appear at the cuticular surface of the flagellum at each molt. It is however still unclear whether the underlying determination of neuronal fate, cell division, and differentiation of the new sensilla is continuous or whether it takes place during discrete time windows within the molt cycles. The morphological immaturity of the most proximal newly emerged aesthetascs, the spatiotemporal wave of changes in taurine-like IR in ORNs of developing and newly emerged aesthetascs, and the functional maturation of ORNs in newly emerged aesthetascs suggest that the development and maturation of ORNs are continuous processes. However, whether or not the rates change over the molt cycle is currently not known. There is also a spatial separation of the birth and death of sensilla; at each molt, new aesthetascs and their ORNs appear on proximal annuli, whereas old aesthetascs are lost on distal annuli. This turnover creates a proximodistal gradient of aesthetascs of different ages; the youngest, functionally immature ones are located on the most proximal annuli, and the oldest ones that gradually lose their odor sensitivity (Steullet et al., 2000) are housed on the most distal annuli (Fig. 12) . The postembryonic development of the lobster antennule with addition of annuli and sensory structures in the proximal part of the appendage and loss in the distal part is quite similar to the postembryonic development of the crayfish antennule (Sandeman and Sandeman, 1996) and the cockroach antenna (Schafer and Sanchez, 1973) . This pattern of turnover is remarkably similar to the turnover of the epithelial and sensory cells on the tentacles of Hydra (Yaross et al., 1986; Bode, 1992) . T urnover of olfactory organs has been examined now for two species of crustaceans: P. argus and the crayfish Chera x destructor (Sandeman and Sandeman, 1996) . Both species undergo a similar pattern of aesthetasc turnover, with some variations on the theme. Whereas in crayfish the most distal annuli that bear the oldest aesthetascs are shed during molting, in spiny lobsters a loss of aesthetascs usually occurs by a gradual decrease in the number of aesthetascs in the medial and distal annuli until the distalmost annuli do not bear any aesthetascs. In spiny lobsters, the most distal annuli are shed at molting and between molts, but unlike in crayfish, these distalmost annuli usually bear no aesthetascs when they are shed. In both crayfish and lobsters, growth of the antennules occurs by division of proximal annuli, and addition of aesthetascs takes place proximal to the aesthetascbearing region. In spiny lobsters, addition of new rows of aesthetascs can occur in dividing annuli. Such addition of annuli in the proliferation zone of new rows of aesthetascs seems to be the result of a reorganization of the antennular segmentation by the splitting of long annuli of variable length into short ones of constant length. The developing rows of aesthetascs that are forming under the cuticle at constant intervals might be implicated in this reorganization of the segmentation, so every new aesthetasc-bearing annulus will have two rows of aesthetascs.
Function and control of turnover of ORNs
The extensive turnover of ORNs might be related to the fact that spiny lobsters have long life spans. Turnover of the ORNs is well known in vertebrates (Calof et al., 1996 (Calof et al., , 1998 , snails (Chase and Rieling, 1986) , and crayfish (Sandeman and Sandeman, 1996) , animals that can live at least 2 or more years. A long life span may have imposed physiological adaptations such as the replacement of damaged and old sensory neurons. Dendrites that are the sites of odor detection innervate the shaft of the permeable sensilla and therefore are exposed to environmental hazards, toxic chemicals, microbes, and physical damage. The addition of new ORNs in crayfish is correlated with the neurogenesis of olfactory interneurons in the olfactory lobes (Sandeman et al., 1998; Schmidt and Harzsch, 1999) . Such addition of interneurons probably functions to process the additional sensory input.
What controls the death and birth of aesthetascs and their ORNs in lobsters is unknown. The life span of the sensory and supporting cells associated with aesthetascs might be genetically determined and their death programmed. But other factors might be involved in cell death. Mechanical damage of the lateral flagellum is quite common. The supply of nutrients and oxygen to the tip of these thin and long antennules might eventually become deficient, inducing a loss of sensilla and a dramatic shrinkage of the distalmost annuli. This idea is supported by our observation that the two longest premolt flagella that we examined lost ϳ300 aesthetascs during a molt, whereas most other flagella had a slight overall net increase in the number of aesthetascs. The balance between loss and addition of sensilla might vary with the size and age of the animal. In crayfish, animals of all sizes and ages add aesthetascs, but only larger and older ones lose aesthetascs (Sandeman and Sandeman, 1996) . Furthermore in our study, the flagellum that gained the most new aesthetascs at molting had been broken off in the medial part of its aesthetasc-bearing region before the molt. Thus, the proliferation of new aesthetascs and their ORNs may be upregulated by the damage and death of sensory neurons, as has been described in the vertebrate olfactory epithelium (Calof et al., 1998) and the retina of fish and amphibians (Reh and Levine, 1998) .
The spatiotemporal spread of the differentiation of sensilla that starts in the more proximal aesthetasc-bearing annuli and propagates proximally in the nonaesthetasc-bearing annuli (Figs. 10, 12) suggests that initiation of aesthetasc differentiation depends on the presence of existing aesthetascs in the close distal vicinity. Thus, cell-cell contact and/or diffusible cues emanating from the developing and newly developed aesthetascs might be essential to initiate sensillar formation in the next proximal annuli. Spatiotemporal waves of differentiation occur during development of fly sense organs with high spatial organization, including labellar bristles (Ray et al., 1993; Ray and Rodrigues, 1994) , taste sensilla (Pollack and Lakes-Harlan, 1995; Pollack and Balakrishnan, 1997) , olfactory sensilla (Reddy et al., 1997) , mechanosensory sensilla (Hartenstein, 1988; Hartenstein and Posakony, 1989) , and ommatidia (Banerjee and Zipursky, 1990; Brown et al., 1995) . Thus, the development of earlier neural structures may provide cues for the elaboration of the pattern of the later ones, and the temporal interspersing of cell division and differentiation may allow correct positioning of the sensory structures (Ray and Rodrigues, 1994) .
The stereotyped organization of aesthetascs and their neighboring sensilla suggests that differentiation of all these sensilla may be under the control of related factors and that differentiation of all sensillar types is interdependent. Guard hairs often emerged at the cuticular surface on one or a few annuli proximal to the aesthetasc-bearing region. It can be hypothesized that guard hairs might differentiate before aesthetascs and therefore might be involved in the initiation of aesthetasc differentiation. Additionally, some annuli lack the asymmetric and the lateral companion hairs but instead have a different pair of setae: a long lateral seta and a plumose seta (Figs. 1 D,E, 2) . This suggests the existence of regulatory factors that switch the development from one sensillar type to another, as is known in the antenna of Drosophila (Dambly-Chaudière et al., 1992) .
Taurine-like immunoreactivity reveals developing ORNs
Our results show that ORNs of mature aesthetascs typically lack taurine-like IR throughout the lobster's molt cycle. However, taurine-like IR is elevated in developing ORNs, gradually decreases, and eventually vanishes first in ORNs of the most distal developing aesthetascs before their emergence and at last in ORNs of the most proximal and lateral aesthetascs by the premolt stage after sensillar emergence. This strongly suggests that taurine-like IR reveals a developmental stage of the aesthetasc ORNs. Heterogeneity in taurine-like IR within ORNs of single newly emerged aesthetascs also indicates differences in the developmental stage of ORNs within a sensillum.
Taurine is abundant in the brain of invertebrates (Evans, 1973; Meyer et al., 1980; Holman and Cook, 1982; Schäfer et al., 1988; Picones et al., 1992) and vertebrates (Sturman, 1993) , especially in brain and sensory neurons during metamorphosis of holometabolous insects (Bodnaryk, 1981; Eichmüller and Schäfer, 1995) and in brains of newborn and young mammals (Sturman, 1993) . Although taurine is prevalent in developing nervous systems, there are few definitive answers and unifying themes about its mechanism of action. There is evidence that taurine causes proliferation and/or differentiation of receptor neurons in the vertebrate visual (Altschuler et al., 1993) and olfactory (Kratzkin et al., 1999) systems. Taurine promotes cell migration (Morán et al., 1996) and protection against excitotoxicity (El Idrissi and Trenkner, 1999) in developing cerebellar granule cells, optimal neurite outgrowth, and synapse formation in the cerebellum, hippocampus, and neocortex (Magnusson, 1996; Flint et al., 1998) . A deficiency in taurine induces degeneration of the developing retina and malformations of the brain in postnatal rats and cats (Sturman, 1993) . All together, these studies suggest that taurine is an important compound during the development of neurons and is involved in neuron differentiation, survival, neurite outgrowth, and synapse formation. However, the specific function of taurine during the development of aesthetasc ORNs is unknown.
Slow and gradual maturation of new ORNs
Maturation of ORNs in new aesthetascs is slow and asynchronous. Based on taurine-like IR and the fact that odor responsiveness is inversely correlated with the level of taurine-like IR, the spatiotemporal wave of ORN maturation propagates along a distoproximal and mesiolateral axis and presumably reflects the existence of a preceding wave of aesthetasc differentiation similar to that illustrated in Figure 10 . Thus, ORNs belonging to the first aesthetascs to differentiate are the first to mature functionally after the molt. The fact that ORN maturation occurs throughout the molt cycle in lobsters strongly contrasts with the tight synchronization of ORN maturation with molting in insects undergoing metamorphosis (Hildebrand, 1982; Masson and Arnold, 1984; Dickens and Moorman, 1990) . Throughout the intermolt stage in lobsters, the number of odor-responsive ORNs remains significantly lower in newly emerged aesthetascs than in older ones. Because the intermolt stage in the spiny lobsters of the size examined lasts 2-8 months depending on the season (Travis, 1954) , this indicates a very slow functional maturation of aesthetasc ORNs. Such slow maturation contrasts with the maturation of ORNs in other arthropods and vertebrates, and their rate of maturation may be related to the timing of their synapse formation with their central targets. Odor responsiveness often coincides with or follows the establishment of mature synapses between ORNs and interneurons in mammal embryos (Gesteland et al., 1982; Farbman, 1992; Menco et al., 1994) and in insects (Hildebrand, 1982; Masson and Arnold, 1984; Devaud and Masson, 1999) . In adult rats, most of the developing ORNs are dying after 2-4 weeks, suggesting a failure to make proper connections in the olfactory bulb within this critical period (Hinds et al., 1984; Mackay-Sim and Kittel, 1991a) . The formation of synapses onto proper targets appears to be a determinant factor for the final maturation and survival of neurons (Oppenheim, 1991) . At an average axonal growth rate of 1-3 mm/d, which is similar to estimates for olfactory receptor neurons in larval Manduca sexta (L. P. Tolbert, personal communication) and garfish (Cancalon, 1987) and mechanoreceptor neurons in the cerci of crickets (W. W. Walthall, personal communication), completion of the process of axonal outgrowth and formation of synapses on the appropriate targets might take 1-5 months in young adult spiny lobsters, given that a distance of 10 -15 cm separates the ORN proliferation zone from the central synaptic targets of the ORNs. This corresponds approximately to the average duration of a molt cycle in these lobsters. Thus, high levels of taurine-like IR in new ORNs of intermolt lobsters might reflect an incomplete maturation because of the absence of functional synapses. However, new aesthetascs with all ORNs lacking detectable taurine-like IR still possess significantly fewer odor-sensitive ORNs than do old aesthetascs. This also suggests that elements of the olfactory transduction cascade might not be fully expressed in new ORNs, even after a decrease of taurine to undetectable levels.
